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Foreword

The rapid pregress made in radar is associated with the considerable
expension that has taken place in its fizdd of application, as well as with
the uninterrupted :‘._ntmduction of new achievements derived from acience and
engineering. The dévelopmmt of radar, and the complexity of the tasks radsr
can perform, makes it necessary to modernize the means used to realize radar
inforrmation, and for the control of equipment and troops.

Gfficers engaged in the combat operation of radio frequency installations
and in the training of persormel, are aware of the lack of literature taking
a practical approach to their problan;, litersture that will increase their
qualificariona,

The purpose of this Handbook is to help officers to complete, and
expand, their special knowledge,

The first eleven, and the fourteenth chapters in the Handbook contain
information on the fundacentals of radar and on the installa:ions that make
up radar systems. The other chapterr discuss the installations in the systems
used for processing information, for control, and for communlicetions. The
examples cited in the Handbook are hypothetical in nature, and are presented
for purposes Of illustration only.

Chapter 1 was written by V. Ya. Tsylov, chapters II and VII by A, M.
Pedak, Chapter II and the second part of Chapter IV by Candidate of Techmical
Sciences, Docent F. R. Kholyavko, the first 'part of Chapter IV by Candidate
of Technical Sciences, Docent M. Z. W, Chapter V by Candidate of
Technical Sciences, Docent K. S, Labets and Ye. S, Batenin, Chapter VI by
Candidate of Technical Sciences I. K. Tregub, Chapter VIII by Candidate of
Technical Sciences B. I. Kurilin, Chapter IX by Candidate of Technical
Sciences, Docent A. S. Magdesiyev, Chapter X by Candidate of Technical Scie.n-
ces, Docent &. M, Rakovehuk, Chapter XTI by P, I, Baklashov, Chapter XII by
Candidate of Technioal Sciences, Docent V. G. Koryakov, Chapter XIII by.
Candidate of Technical Sciences, Docent L. L. Barvinsldy,. Chapter XIV by
Candiddate of Technical Sciences, Docent A. K. Krishtafovich, Chapter XV
by Doctor of Yechnical Sciences Ye. N. Vavilov, and Candidate of Technical
Sciences Yu. A, Buzunov, Chapter XVI by A. M. Mikhaylov, and Chapter XVII
by A+ 5. Kucherov,

Where whe significance of materials to be used was the sawe, the
authors gave precedence 1o new questious, and for this reason the Handboaok
does not include certazin types of information. Readers will be able to find
such information in the literature recommended in each of the chapters.
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Since the Handbook includes an extremely broad scope of questions a
great many open source Soviet and foreign publications were used in its
compilation, but a2 complete list would itake up entirely too much space.
We wish to express our deep appreciation to the authors whose works
helped us, in one way or another, in our work of compiling this Handbook.

Please address testimonials and comments concerming the Handbook to
Mascow, K=160, Military Publishing House.

The Authora
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Letter Designations

l. Designation of physical magnitudes

height of rectangular waveguide; value of measured magnitude
number of correctly used symbols

width of rectangular waveguide

flux density; susceptance

veloclty of propagation of radio waves; velocity of light in a vacuum
capacity; information reception rate; capacity of a communication
channel; dynamic error coefficient

diameter; distance

spot diameter

radar range, range to target; dynamic range; scale of range indicator
scale; coupler directivity

horizon range (refractim: taken into consideration)

electron charge; instantanecus value of electromotive force (emf)
electric field strength; constant veltage

ik real sensitivity of receiver to voltage

complex amplitude of electric field strength

high frequency

limits of frequency deflection (deviation)

low frequency

Doppler Ifrequency

pulse repetition frequency

modulation frequency

directivity pattern

real conductivity; anterna gain

directive gain

G{p) spectral density of noise power

b Flank's constant (6.6 « 105 joules/meter); height; altitude;
transistor parameter

H target altitude; magnetic field sirength; excess of signal over necise

I information content; current strexgth

Ia continuous anode current; pulse anode current

jbeam ~ cathode ray tube beam current deansity

k propertionality coefficient; gain factor; transmission coefficient;

mona o nom
S

Boltxmann's constant (1.387%4 - 1072 joules/degree)
traveling wave ratie

standing wave ratio

frequency shift(ing) coefficient

rhase shift(ing} coefficient



RA-D15-68

K{w) transfer function

t length

L inductance

Ls length of scanning line on indicator screen

m amplitude modulation factor; test nuxber; integer

m. Trequency modulation index

M linear scanning scale; moment

n index of refraction; integer

n, antenna rpa

np pulse transformer transformation ratic

n{t) number of elements rejected in time t

N Teceiver noise figure; number of molecules (atoms) for the enexgy
level; nunber of elements in a system

Ntuma number of turns in a winding

Np nunber of pulses

P probability; reflection factor

H probability; power

PA total power inpui to antemma

L power radiated by radar set (transmitter)

Pp Pulse power

Po input power

PE power radiated by anterma

Prec min real receiver sensitivity

P;‘ec Ein 1imit of receiver sensitivity

P‘.a false alarm probability

Pc 4 probability of correct detection

Ptn transmitier noise power

Q quality factor; duty; réport numsbexr

Qlt) probability of failure

r R radius; resistance

R, antemna radiation resistance

Rg DC gemerator resistance

Re radius of the earth

R oad load resistance

Re r effective radius of the earth

Rnt equivalent noise resistance of an electron tube

ni internal resistance of a tube

R{r) correlation function

S tube slope

SA capture arc¢a of antenna

S9 gecmetric area (aperture) of the antemna

S area of ¢ore section
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signal spectral demsity

time

recovery time

discreteness of range scale aarkers

signal delay time

time to transmit one figure

periocd; absolute temperature

average recovery time

charge period

pulse recurrence period

modulation period

time to failure; period of natural oscillations
instantaneous value of valtage

voltage acruss the second anode of a cathode ray tube
voltage amplitude

peraissible voltage

incident wave voltage

breakdown voltage

rate of propagation of electrumagnetic waves

scope beam sweep speed

radial speed of target

wave phase velocity

probability of recovery in time T

volume

communication chammel capacity

signal volume

instantenecus value of energy

probability density for the magnitude x

random error in coordinate measurement

reactance; true value of measured magnitude; coordinate (of an
index. of a target)

cemplex conductance; coordinate (of an index, of a target)
established value for a regulated magnitude

impedance

circuit decay coefficient; transistor current gain factor;
phase change coefficient or '-‘nv:a nunber; target bearing; weight
factor

czivuth; wave decay coefficient in a transmission line; current
gain fsctor for a transistor

propagation factor (y = B + ja)

frequency tuning rate
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relative instrument error

range resolution

height resolution

resolving volume

bearing resolution

elevation resolution

measurement error

increment of magnetic induction

receiver pass band

deflection of X coordinate

radar azimuth search sector

radar elevation seareh sector

target eléva'tx‘.on; dielectric constant
efficiency

antenna efficiency

antenna feeder installation efficiency
wavelength; element failure rate (in a system)
wavelength in pipe

eritical {limiting) wavelength in pipe
permeahility: tube gain

signal-noise ratio

signal-noise ratio for optimum signal processing
classification factor

power flow density; direction finding capability
wave (characteristic) impedance

mean square €rror'; Dean square deviation from average service
life

target effective echoing area

mean square error in range measurement

mean square <ITor in azimuth weasurement
cireuit time constant; pulse duration

pulse length

alse length after compression

pulse delay time

channel occupancy time

signal length

duration of pulse cut-off (decay)

duration of pulse Iront

phase angle; reflection factor phase

coherent oscillator phase angle
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ep“ local oscillater phase angle

Do, c width of antenna radiation pattern im the horizontal plane at
the 0.5 power level

L) magnetic flux

[ angle of re!'rac:t:ioni dephasing

w angular frequency

4 resonant frequency

%

carrier frequency

2. abbreviated subscripts

a wnode

A anterma

b base, beat

in circuit (eisment) input
out circuit (element} output
g generaior

perc permissitle value
9 grid

< cathode

¢h channel

co collector

max maximum value
min minimm value
opt optimum value
a noise

thr threshold value
= sional

av average

st stable

est established
=p specific

T feeder, filter
b phase

sh shunt

sC scale

em emitter

el element

eq equivalent
eff elfective

m amplitude
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Chapter 1

Radar Fundamentals

1.1 Radar and Its Forus

Radar is that field of radio engireering that uses reflections, re«
radiations or self-radiations of electromagnetiic waves, to detect various
targets (objects), as Well as to measure thoir coordinates and movement pa-—
rameters.,

A radar target is understocd to mesn any material 6b;ject tapable of
detection, and its pesition and movement parameters measured by radar methods.

Radar can be sabdivided inte active, active with active response, semi-
active, and passive,

Active radar operation means the irradiation of a target b)" electro-
magnetic energy radiated by a radar antenna, and the reception of the energy
reflectced Lroem the target.

Active radar operation vith active response differs from the previcus
definition in that a responder, a transceiver, is installed on the target
and responds to signals from the radax.

Semi-active radar operation differs from active operation in that the
target is irradiated by a single radar {a radar lecated on the ground, for
example), but the reception and deiection of the 3ignals reflected froxz the
target are through the zedimm of another object (a rocket, for examplel.

Passive radar use xeans the reception of energy radiated from the target.

From the radio enpineering paint of view, the problem of detecting some
particular target reduces to detecting a signal radiated, or reradiated,. froz
that target against a backgrouna of a different type, of noise.

Any target irradiated by a radar becomes a source of secondary radiation.
The power of the secondory radiation depends on many factors, such as the
field strength created by the radar near the target, target parameters (di-
mensiens, shapes, and electrical properties), the position of the target
relative to the radar, polarization of the primary field, and wavelength.

Passive radio delection is based on the phenomenon of the radiation of
electromagnetic energy by any physical body, the temperature of which is
above absolute zero. Since all targets satisfy this condition, they can be
detected without preliminary irradiation.

Radar is based on the properties of radic waves to be propagated in a
bomogeneous medium on & straight line, and at comstant velocity. These
properties of radio waves are what make it possible *2 establish the direction
to the target, as well as the lemgik of the path over which they are propa-
gated. Radar is tberefore subdivided into radi¢ range finding and radio
direction finding. .
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Radio range finding is the Jdetermination cf range to a target by
measuring the length of the path over which rudi> waves are propagated to
the target and recturn.

Radio direction finding is the determination of the direction to the
target, that is, measuring the angular coeordinates of the target.

1.2 Kadio Range Findiung Methods

Determination of the range to the target (D)} involves the measurement
oI the delay in the reflected signal with respect to the main pfulse.

The main pulse (signal) is the pulse (signal) of high-powercd, high-
Irequency electromagnetic energy formed by the transmitter and radiated into
space by the antenng.

The instant at which the main pulse is radiated is taken as the origim
of the reading of the time ©f propagation I the radio wave.

The reflected signal (pulse) is the signad {pulse) of electromagnetic
energy reflccted from the target and received by the receiver.

The interval of time between the instant the main pulse is radiated and
the instant the reflected signal is received is called the reflected signal
delay time (z)

Ty " 2D/e. (1.1)

From whence

D = ct /2, (1.2)
where

D is the distance beiween the radar and the target;

c is the velocity of propagation o2 radio waves.

The real medium is not strictly homogeneocus, so the peth covered by
the radio waves will not be a straight line, strictly spezking, nor will the
rate at which the radic waves are propagated be stirictly coustant over the
entire propagation path. However, the relationships cited are correct for
the real medium as well if c is understood to be the average value for the
rate of propagation of the radio waves over distance D (c' 3-108 meters/secocd) .
(According to the last measurement, the speed of licht in a vacwmum is
c = 299792 * 0.4 km/seconc).

There are varicus methods of radic range finding, and these depend on
the method used to mcasure the time interval, td' such as pulse, Irequency,
phase, and frequency-pulse. Radar methoda differ in the same way.
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1.3 The Pulse Method in Radar

Let us consider the principle upon which the pulse radar functions by
using the bloek schemaiie shown in Figure 1.l. The elcctronie range finder
transmitter radiates superhigh frequency oscillations in the form of zain
pulses that repeat periodically. Reception of reflected pulses takes rlace
in the time interval betweern main pulses, Pulses received are fed freom the
receiver output to the indicator, where the interval of time between the be-
ginning of the radiation of the main pulse and the beginning of reception of
the reflected signal (1.1) is measured and, as a result, the distance to the
reflecting target is also established.

X
2 ' c

e o}
Pepefaonin | ﬂm pzumast
pedona”

" aemap £OmPOGLteD

Figure 1.1. Block schematic of a pulse radar.

A - transmitter; B - I-R switch; C — receiver;
D - synchronizer; E - indicator. .

Waere linear sweep is used in the indieator the relationship between the
besm deflection {{) and the measured range (D) can be establiszhed through the
formla

1= 1.rﬂ'l:d v, 2D/c = SD, (1.2)
where

Ve is the constant speed of the sweepn;

S= 2vg'c is the linear sweep scale.

Synchronization betweesn the pulse transmitter and the indicator, that
is, the instant the main pulse is radiated and the deginning of the indicator

sweep must coincide preciselya.

1.4 Pulse Compression Methods in Radar

Pulse emergy must be increased if radar range is to be increased

L) e
Ao Pp-rp, (1.4)
W is the pulse energy;

is the pulse powers

T ix the pulse length.
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As will be seen from the formula at (1.4), an increase in pulse length
will inercase the pulse energy. Increase in the pulse length degrades the
radar range resolation, but if special modulation of the radiated pulses is
used these pulses can be compressed by special processing in the receiver
to a length providing the specified range resclution.

Intrapulse linear frequency modulation and intrapulse phase shift keying
are such modulation methods.

The pulse-frequency sethod in radar

Figure 1.2 is a simplified block schematic of a radar using intrapcise

lirear frequency modulation.

A TUSPLL e D T Jidmeaneud L
YErpaLNe ROMUGmUTP
|

hJ

0 Tperenmux
B Curapomudomon 7 I ”

[ []

‘ F Louvometud ]
[ QURMTY
1

1
] Lssiinee - O |
c yezpaiceas ]._&_l;g emesmip !

Figure 1.2, Block schematic of a radar using intrapulse linear
Irequency wodulation.

A - transmitter; B - synchronizer; C - output; D -
antenna swiich; E = receiver; F = cozgressing filter;
G - detectur.

The transaitter orms long length, Zp, radar pulses. The IreqQuency

inside the pulse changes in accordance with a linear law
ke (1.5)
where

a is the rate of change in the frequency.

Figure 1.3 a and b shows the shape of the radar pulse and the law
governing the change in the frequency.

Signals reflected Irom the target are picked up by the radar receiver ama
are fed into a special conpressing filter. The compressing filiter is a delay
line, the delay time in which is linearly dependent on the frequemcy {fig. 1.3c).

In this filter the high freguencies in a pulse, which arrive earlier,
are delayed longer, while the low frequencies, which arrive later, are de—
layed for a shorter period of time. 7The result is that all the frequency
components of the pulse are displaced in time to the end of the pulse; the
pulse is compressed in time.

The degree of pulse compression is wholly dependent om the limits of
the change in the frequenciey in the pulse (the deviations in frequency)
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Figure 1.3. The principle involved in pulse compression.

a = shapes of radar pulses at the input and output of the
ceppressing filter; b - law governing the change in the
frequency of a radar pulse; ¢ — dependence of filter delay
time on the frequency.

A - 'rp; B ~ input; C - compressing filter; D - cutputj;
E - ‘rpc; F - td.
Pulse length at the filter output equals

Tool® l/fd. (1.8)

The pulse compression ratio is
k=T, £ (1.
P/Tpc = a po 7)
Pulse power at the output of the compressing f£ilter increasgses by a
factor of k, or

PP out = lch in® (1.8)

For example, compressing a pulse with a length of S00 microseconds by
a factor of 100 reguires a frequency deviation in the pulse of f 4 = 200 Mz,
and a rate of change in frequency a = 400 MHz/second. But if pulse power
at the input is Pp in = 1 microvelt, the pulse power at the filter cutput

will be P = 100 microvolt.
P out
A Jeprioacoun meospss e D o, . >
" % i ;
c T D
TanpCaesd .
peoam 2enomund? euRumERs

Figure l.4. Functional schematic of a compressing filter.
A —- transmitiing piezo-cesamic converter; 3 — receiving
piezo~ceramic converter; C - aluminum strip; D - bana-
pass amplifier.
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Figure l.5. Dependence of 1t a on frequency for a dispersion
ultrasonic delay line.

. - - -
a’ L “min” ¢ fmax'

A=

An optimum fil‘l.;én consist:':ng of an ultrasoni¢ dispersion delay line
with a correcting bandpzss amplifier across the output (fig. l.L), for
example, can be used Tor the compressing filter.

The ulirasonic dispersion c=lay line consists of two piezo~ceramic con-
verters of elecirical oscilliations into mechanical oscillations and an
aiuminam strip (fig. 1.41. The delay time of this uitrasonic delay line
with respect to the fraquency (fig. 1.5}, and within the limits of the Ire-

quency from rnin to T changes linearly with the frequency.

Intrapulse phase shift keying method in radar

A simplified block sclematic of, a radar with intrapulse phase shift keying

is shown in Figure I.5. The transmitter forms the main pulses with constant
irequency ond long duration -rp- These pulses can be split into equal seg=
ments, code intervals Tee Within the limits of each code interval is the
inizial phase of high=frequency ostillations.

Cmaotuzasonmri 6
AT, C CUNER
jpimcaiibdecrs ] H

A | Bwcono Yovavmeas ARDERHSIT
| Va:ﬂiul:;;;ll.‘ 1 MURANOCIT it KaAmymamep

I Apucanrun

o -
[ T T, TN
D CHyarouy
. 7 ouasmy
E

Cozraessannsn
Quingp

L .

F Buxoinse L

P

| Aer=xmep

Figure 1.6. Block schematic of a radar with iotrapulse phase
shift xeying.
A =~ HF oscillator; B = strobe amplifier with phase “o";
C - strobe amplifier with phasz "0"; D -~ code forming
circuit; E ~ synchronizer; F = ocutput devices; G = pover

amplifier; H -~ anterna switch; I - receiver; J -~ compressing

filter; K -~ matching filter; L - detector.
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The length of the code interval, Ter is determined by the specified
range resolution, and the code interval sequence is established by the code
selecied.

The Barker codes, in which the initial phases In adjacent code inter—
vals equal v or O, and the numter oI code fntervals in the pulse can be
3, 4, 5, 7, 11, ete., car ba used, for example.

Figure 1.7 shows a simplified schematic of the ortimum processing of
vhase shift keyed pulses.

Figure 1.8a shows a signal consisting of seven code intérvals (n = 7).
The code intervals with initial phase O are conventianally designated by
the sign "+1" while those with phase m are conventionally designated by the
sign Y=1."

The signal is processed in a device, the circuit of which is shown in
Figure 1.7, in order to compress it. This device is connected to a delay
line with six cells (each of which has a time constant 'rc) and seven take—
ofls. All the take-olls are comnected to a summator through awmplifiers
with identical gain factors. Axplifiers with the "a" sign do pot change the
signal phase, but those with the "-a"™ sign change the phase by . All voltages
are summed in the summator, with phases taken into consideration. The os=-
cillations are fed from the summator output inte an optimum (matching) filter
Zor pulse length -rc. A Lowen 2odcgmay

‘e tt) 1
T 1T Ty | T Tt L,

]
3
£
4

crzeoesecant
2r 5y

F "'I'M
Figure 1.7. Schematic diagram of the optimum processing of phase
ghift Keyed pulses.

A - delay line; B= 4 : C = a; D - summator; E = matching
Silter for T o F - oufput.

The shape of the voltago after the summator and optimum filter is shown
in figures 1.8b and 1.8¢.

Table ! lists the'voltages fed frow the delay line take-ofls 1o the
summator, using the accepted designationas, as well as the resultant voltages.
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A - voltage Irom summator; B - code intervals; C - summed

voltagts
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Conversion of a phase shift keyed pulse.

Figure 1.3.

Vhen phase shift Keying is used the amplitude of the compressed pulse

2
no.

inereases Py a factor of n, while the power increases by a factor of

The length of the compressed pulse is shorter than that of the mailn pulse

by a facter of n.

1.5 The Frequency Method in Radar

The principle upon which the frequency radar operates is as follows.

1.9.

igure

F

in

The simplified block schematic is shown
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The voltage of an outgoing Ifrejuency modulated signal, ul (fig. 1.10a)
is fed inte the detector from the high frequency gemerator. Simultaneously
the receiving antenna supplies the reflected signal voltage u, {fig. 1.10b)
to the detector input. If the distance from the reflecting target, and its
elfective area, remain unchanged with time there will be ne additional
modulation (amplitude and frequency) of the oscillations during reflection.
Giveni these conditions, the reflected signal differs Irom the outgoing signal
only in amplitude. The magnitude of the time delay in the reflectad signal
can be established through the form:la at (1.1).

Nt
—— e =T
! |Jeoeod m,mm:a Fevepamap l sl
L 4 s s at ' i
I S eiegnl | 1 ;
| t
[ {
u b !
!

Figure 1.9. Block schematic of a frequemey radio range findera.

Al - transmitting antamma; Ay = receiving antennaj
B - audio oscillator; ¢ - Irequency modulator; D -
high-frequency generator; E = detector; F = frequency
weter; G = Intermediate-frequency amplifier.

Beats occur when the outgoing and reflected signals are added (rig.
1.10¢}). The resultant signal turns out to bBe both Irequency and amplitude
modulated. The nusber of maximums in the envelope ©f the resultant os—
cillation in unit time will depend on the rellected signal delay time, that
is, on the distance from tis reflecting target.

Now, if by detecting the resultant signal the envelops Is divided
(fig. 1.104) and after the necessary amplification is fed into a freguency
meter, its readings will correspend to the distance being measured. The
frequency meter zan be ealiorated in distance units.

The beat frequency in the case of lipnear frequency modulation equala

Fb = a « 2D/c, (1.9)
vhere

a is the rate of change in the frequency.

In the case of modulation in accordance with the law for a symmetrical

triangular curve (fig. 1.11)

Fy = Ifl-r2] = 4z F /e-D (1.10)

-y a is the frequency deviation;

F_ is the modulation frequency.
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Figure 1.10. Voltage curves explaining the operation of the freQuency
radioc range finder.

A = input; B - output.

Figure 1.11. Dependence of the modulus of the difference in the
frequencies of the outgoing aml reflected signals cm
time in the case of modulation in accordance with the
law for a symmetrical triangular curve.

The formula at (1.10) is correct for the condition li’l-i‘zl »F_.
For the case of modulation in accordance with a harmonic law

B, = |£,-2, | = |£, sin g /2 sin g (t-t D)}, {z.11}
where

t a is the delay time for the reflected signal.

As will be seen from the expression at (1.11), if there is harmonic
modulaticn and unchanged distansce, the beat fréquency will change periodically.
But the readings on the frequency meter (given adequate inertia in the meter)
will correspond to the average beat Irequency, as determined through the
formula at (1.10). '

The formula at (1.10) is approximate for cases of modulation with
respect to a symmetrical triangular curve and with respect to the harmonic
law, and yields discrete values that are muliiples of the modulation frequency.
The result is that the measured distance can differ from the true distance by
a magnitude ﬂ)o. and in the case of mecsurements of short distances &ven by
as zuch as 2D0, where
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D, = /it (1.12)
which establishes the accuracy of the frequency method of radio range
finding.

The foregoing is correct in its entirety for the condition that the
amplitude of the outgeoing signal does noi change with time. In point of fact,
because ©f the resonant properties of the transmitting and receiving antennas
and of the receiver input cirecuit, the frequency modulation is accompanied
by amplitude modulation as well. This causes the accuracy of -this particular
method tc deteriorate.

If the distance between the range finder and the target chanyes, the
law for the change in the frequency ol the reflected signal differs from
the law for the change in the frequency of the outgoing signal because of
the Doppler cifect.

Now the beat Irequency equals

¥ = p'd * FDl, (1.13)

ix the best frequency resuliing from the delay in the reflected
signal and established through the formula at (1.9);

F'.D is the Doppler frequency.

The Doppler frequency is

Fy = X <2v fc = 2v/1, (1.14)

£ is the radio range Iinder's carrier Irequency;
v is the tarpet's radial velocitiy, that is, the rate of displacement
of the target in the direction toward the radio range finder;
% is the wavelength.
Range to the target and the speed at which it is moving can be measured
Eaparately for the case of modulation in accordance with the law for the

symmatrical triasgular caxve {(fig. 1.12).
£ F > Fp,
Fd = FJ.lﬂ%-ﬂPl].i‘.iFQD, (1.15)
1
Fp = Fa=5(FI—IRD. (1.16)

Thus, by measuring the difference between Fl and Fz

can find the digtance to the target, as well as iis speed

(fige 1.12), we

D = cF /Ba, {1.17)

v, =cF d/zrc. (1.18)
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Figure l.12. Influence of the Doppler effect in the case of
modulation in accerdance with the law for the
symmetrical triangular curve.

1.6 The Phase Method in Radar
The simplified block schezatic of the phase radio range finder is shown

in Figure 1.13.
Its operating privnciple is as follows. Twe veltages, one frow the scale
frequency generator,

u = U sinlet + qg), (1.1%)
where
o is the ssale frequexicy;
%y, is the initial phase,
and one froa the cuiput of the receiver,
n, = F.’nzsin{u,s(t-ta) * %, =R = Pl (1.20)
where
%, is the delay in the phase of the scale oscillation in the radio
range findexr circuits;
s is the lag in the phase of the scale oscillation occurxing during
the reflection from the target;
ty is the reflected signal delay time,
are fed into the phase meter; P.
The difference in the phases of voltages o and uy erquals

Pasrs © Ws%a T Pr ¥ Pres” (2.2}

The &ifference in phase in the range finder circuits, as well as the
lag, éuring reflection, are constant and can be computed, or determined,
erperimentally. Then, measuring the difference’ ir the phases of voltages ul
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Figure 1.13. Simplified block schematic of a phase radico range finder.

A - scale Irequency generator; B - nigh-freqguency penerator;
C ~ phase meter; D = receiver; E = targer.

and Ysy the distance to the target can be established as

o cfzus ({Pdiff % Qr'ef)' (1.22)

If radio rsmge finding is to be ensured by the phase metbod there must
e reliable selection of the signal reflected from the target, the distance
to which pust be established.

The Doppier effect can usuaily be used to make the selection. Two trans—
mitters, operating on Ifrequencies LY and @ ure usually used. Found at
the receiver inpat {fig. 1.14) are the cutgoing signals witk freguencies @
mdﬁ, 28 well as the signals reflected frou the target with Irequencies
o+, and my2,, where ), = qi-szjc and Q, = mz’zv_jcmm Doppler frequen—
clies. s

From the cutput of the receiver the voltage is fed into tuwo bandpass
Tilters, one nf which passes the band of frequencies froom Q1 oin T Ql max?
the other thcse fmnzmtonzﬂax. Frequencies w and w, should be
selected such that the bands Indicated do not overlap.

If &y and o, differ litzle from each other, and 'Ql - nz, then

Do Sy e o200y -0) (1.23)
where

Pasyrp ™ (ml-uh)'aD/c is the difference in the phases of volzages

uy and ) received by the receiver.

As wel see, the distance in the case under consideration can be estab-
lished by measiring the difference in the phases of the oscillations of
tws Doppler frequencies.

The phase range finder counsidered has no range resolution, Wt does
have target speed resolution. This latter is what makes target selection
with respect to “he speed at which it is roving possible, and, as a result,
provides range measurement even when several targets are in the "field of
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Figure l.1%. Simplified block schematic of a radic range finder
using the Doppler effect.

A - phase meter; B - bandpass filter 1; € - bandpass
filter 2; D = high-frequency generater; E = receiver;
F - target.

vision" of the radio range finder. Narrow band filiers with a variable
resonant frequency should be emvisaged in this case, rather than bandpass

filters (fig. 1.14).

1.7 The Continuous Radistion with Phase Code Shift Keying Method

The radar transmitter generates continuous oscillatioms at constant
frequency. The Initial phase of these oscillations changes in aceordance
with a predetearmined code,

A repetition period for the radar, Tp, carrespopding to the specified
range for the radar, can be selected. This period can be divided up into
time intervals 7 (fig. 1.15).

The interval Te is selected on the bSasis of the range resclution meeded
for the radar. Jotal intervals are

N = 'rp/-r:. (1.24)

The phase shift keying is dome in such a way that in approximately half
of the intervals the phase is equal *o Por and in.the remainder of the
intervals the phése is equal to ‘Po + 7. The phase altcm.atian i"s selected

in accordance with a predetermined code (fige. l.15).

?./;Ta/ Tu:;?u Fo=
T .
HIH HH [ HIHT

~lg= %

Figure 1.15. Example of the phase code shift keying of a continuous
signal.
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The phase code shift keyed signal is radiated into space, reflected from
the Target, and received by the receiver, but delayed by the time required
to propagate the electromagnetic enexgy to the target and back. JThe re—
ceived signal is fed into the mixer in the receiver, as is an identical phase
code shift keyed reference signal, with the difference that this latter
signal is time delayed by the delay line. By changing the delay in the re—
ference sigunal the codes are made to coincide in +ime, the phase shift
keying is equalized, and a narrow band, unmodulated signal, is cbta.aed.
The magnitude of the delay in the reference signal determines the range to
e target. There are many advantages tc this method as sempared with the
pulse method (while retaining all the positive aspects of the latter):

the level of the peak power is equal to the average power, so there is
no need to impose rigid requirements with respect to the electrical strength
of waveguides and high voltage insulators;

higher noise stability, because this method makes it Possitle to use
narrow band filtering and is very sensitive to target speed;

three target coerdinates (range, azimuth, or elevation, and radfal

velociiy) can te measured.

1.8 The Continuous Radiation with Noise Modulation Method

Noise modulation of a Ligh-~Irequency signal can be used to determine
the range in tbe case of contimucus radiation. Modulaticn —=an be amplitude
or phase. Let us consider the operating principle of the radar with amplie
tude noise modulation by using the blockEschma'tic shown in Figure 1.16.

e}
C fspefaamigmry
fevepamop
A ’rg%"? I—_l"ru wedgasmep l—+ aucoend —-6 {\
2 F <
feow
B ng‘ma_l rogpensamy s .
4lt=7} ! ufe-Ty) J NGTIE
sty K

Figure 1.16. Block schematic of a radar witb noise modulaticn.

A - noise generator; 3 - delay line; C - medulator:

D = c¢correlater; E - higb=frequency generator; F -
receiver; G - transmitting antenna; H - receiving an-
tenna; I - target; J - u(t-'rd); K - R(r-7,).

The generator produces the noise signal u(t) (fig. 1.17a). The cscilla-
tions produced by the high-frequency generator are ampliiude modulated by
this signal, The reflected signal ig fed into the receiver. The original
noise signal is separated at the detector output, but with time delay 7 o
corresponding to the range to the target (fig. 1.17%). The signal is fed
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from the detector sutput to the correlator, at the second input to which
is fed the original noise signal ul(t) delayed in the delay line by time T
{fig. 1.17c). The delay time in the line is wariable.

Tha correlator performs an operation an both signals of iz Zorm

Tob

R(‘r-'rd) = I/To'b I u(t—‘rd]u(t-rldt, (1.25)
[+]
where

Tab is time ol observation.

In the theory of random processes the function R(T—Td) is called the
autocorrelation function, and the ciicuit has therefore been named the cor=
relator- Produced at the correlator is a voltage proportional to the value
of the autocorrelation function of the noise R{pT) when At = ToT4- The auto=
correlation function of the noise is a maximum when AT = O,

Consequently, when the line delay time equals Ta the voltage at the
autocorrelator output will be a maximum (fig. 1.17d). If the entire distance
is to be scanned the delay in the line should change from zero to & maximum,
for this will c¢orrespond to the distance to the most distant target. The
principal properties of & radar with noise modulation are the following:

the noise signal, as distinguished from a periodically regulated signal,
makes it possible to obtain an unambiguous determination of the distance to
the target;

the use of noise modulatiun, particularly in the case of phase wodulation,
increases the average power of the signal as compared with the pulse repime,
just as in radars with other types of continuous radiation;

the radar does not bave high pulse power, simpiifying the design of the
transmitter and the anienna feeder pathj

the noise signal in the radar, particularly in the case of amplitude
modulation, is similar to the internal noises found in receivers, and this
can make possible more secret operation of the radar because, first of all,
it is Qifficult to establish the very fact of radar aperation, and, secand,
it is difficult to establish the radar's parameters.

1.9 Detection of Radar Signals

Radar detection <f a target means the process of deciding on the presence,
or abscnce, of a target in a particular area of space by .receiving and pro=-
cesning radas signals.

Signals are always received against & background cf noise. The prin-
cipal types of naturei nolses found on the wavebands used in radar work are
thermal and cosmic noises, and the noises that develop inside the receiver.
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Figure 1.17. -The explanation of the principle of operation of the
correlator in a radar with noise modulation.

Noise causes signal distortion axd errors in evaluating the situation.
The decision as to the presence, or absence, of a target is made in the light
of two conflicting conditions:

there is, in fact, a target;

there is, in fact, no targe:.

Theze conditions are unknowns in the development of the decision.

There are two types of decisions relevant to each of these comnditions:

“there is a target";

“there is pno Target,"

Four situations are possible during detection. Given the condition tkat
there is, in fact, a target, the decision that there "is a target" is correct
detection, and the decision that there "is no target" is a target miss.

Given the condition that there is, in fact, no target, the decision
that there "is no target” is correct nondetection, while the decision that
there "is a target" is a false alarm.

Target miss and false alarm are errors in target detection.

Since, in the general c¢ase, radar signals and moise are randod
functions of time, the making of any particular decision tec is random in
nature.

The possibilities that these situations will occur is taken as character—
izing the probabilities of correct and mistaken decisions:

the probability of correct detection, P ca’
the probability of correct nendetection, P::nd;
the target miss probabilirty, Put;

the probability of false alarm, P‘.&.

Correct detection and target miss (when a target is, in fact, present)
form a complete grousn of Incoumpatible events, so
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Pc:l - Pmt = L. {1.26)

In precisely the same way, false alarm and correct nondetection form a
complete group of incoapatible events when there is nc target, and
Pi‘a - Pc.nd = 1. (1.27)

The formulas at (1.26) ard (1.27) demonstrate that among the probabilities
listed there are only two magnitudes that are independent. Ordinariiy, the
probability of correct detection and the probability of a false alarm are used
as the two independent probabilities for purposes of characterizing the
detection devices.

The device used to process radar information must meet contradictory
requirements. If target miss is to be avoided, a decisian as to its presence
must be made, even when the target signal is badly distorted by interderence
and it is impogsible to confirm with confidence the certainty that there is
po target. The false alarm prodability increases, of course. On the other
hand, if the attempt is made to reduce the probability of a false alarm, the
decision must be made as to target presence only when there is a clear excess
of signal over noise. The probability of target miss is now increased.

This therefore leads io an educated coapromise between the contradictory
requirements, selecting the optizum oethod for processing the information.
Certain criteria, in accordauce with which we can compare various devices
with each other, must be used in order to judge the guality with which the
detaction devices function. The optimum detection device is one which makes
it possible to obtain the best {as compared with others) value for the selected
criterion, all other canditions being equal.

The criterion most often used in radar is tbe Neyman-Pearsen criterion,
in accordance with whkich the optimum detection device should provide the
maximun probability of correct detection, Pc a° for a specified value for
the probability of false alarm, Pfa'

Iz the optimum receiver the detection of radar signals results Irom
the establishment of a posteriori (tha. is, after the fact) probabilities
of there being various types of information (for example, information that a
target 15, or is not present), and indications as to the quality of the
decision made wWith respect to the information, the probability of which is
greater i‘han that ol any others, or the estahlishment of the likelihood
ratio characterizing the likelihood of & particular hypothasis with respect
to the information transmitted.

The signal at the receiver input, u(t), is the sum of the random pro-
cesses, given the condition that there is, in fact, a target

u{t) = u () » u_(t), (1.28)
5 n
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where
uS(t) is the target signaly
u“(t) is the noise.

If there is nc target
ul{t) = u_{t). {1.29)
1

Like any random process, the signal u{t) <an be descrived in full by
the probability-density funstion for the signal en =lope w{u) and phase w(gp).
The shape of the probability distribution for the case of u(t} =
= us(t) - un(t) and u(t) = un(t) is shown in Figure 1.18.

regu) |
LA

- W pte)

Figure 1.18. Probability=density functions for noise and signal-
plus-necise envelopes.

Knowing the probatility-density function w(u), and assigning threshold

values for uo

decisions, established through the following expressions

s We can compute the probabilities of correct and nistaken

<
Pa= I ws*n(u)du, (1.30)
UO
UO
Poa = ! ., (ues, (1.31)
[¢]
UO
Pt = f vs"l(u)du, {1.32)
0]
Pfa = £ wn(u)du1 (1.33)
0

where
v (@) is the probability-density function for the signal-plus-noise

envelope;
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e (u) is the probability-density function for the noise eavelope;
L'O is the threshold value for the voltage the excess in which is used
in making the decision that a target is present.

The likelihood ratio can be esrallished through the expression
A= wS*n(u)/wn(u)- {1.34)

In a¢egrdance with the Neyman~-Pearson criterion the decision that a
target is present is made if the likelihood ratic exceeds the specified
threshold valucg Jlth’ that is, A > }‘th'

The magnitude of 7“:11 is selected such that the false-alarm probabilicy,
Pfa" does not exceed a permissible value, P

fa per”
signal used in existing radars operating in the space scan regime is a pulse

In reality, the target

train. The number of pulses in the train can be established through the
formula

N, = iy o/6nys (1.35)

vwhers

5.5 is the width of the power pattern at the half-power Llevel;

n, is the antenna rotation rate {(rpam).

There are serious mathematical difficulties invelved in computing the
probabilities of correct detection of the target and of false alarm. However,
in the case of weak signals, and this case is one of great practical interest,

these prodabilities can be estadlished through the following formulas
1 ’ T
Py = %"T["*"”(”V--f—:'ﬁ)]_- (1.36)

Tadg

fam Pa=T[i=o(yEg) (1.7

where

3(x) is the probability integral;

v = Ps/'Pn is the signal/noise power ratio at the output of the linear

secrtion of the receiver;

}‘th is the threshold value for the likelihood ratioe;

Np is the number of iarget pulses processed.

The correct detection probability for z specified false=alarm probability
is greater the greater the signal/moise ratio at the output of the linear
section of the rezziver, and the larger the number of pulses processed.

Figure 1.19 shows the dependencies of the probability of correct target

detection, P for a specified false-alarm probability, P

fa
of the signal/noise ratia, ¥, and the number of pulses processed, NP' The

» on the magnitude

ca!

curves for These dependencies are called the detection curves {the receiver
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performance curves) and provide a visual representation of the observability
of radar signals. These curves can be used to find the threshold value,

vth’ at which specified probabilities P‘:d and Pfa will be ensured for optimum
signal processing

Vi ® x(pcd, Pfa)/*_ﬁup . (1.38

where
x(Pcd, Pfa) is the absc¢issa of a point on the curve <orrespending
10 the spzcified probabilities P od and P

IR
i wfef vy |
T A7 T
| AAA |

B'r F] g 4 5

fa”

] ”a ﬁ?

F
T fald

Figure 1.19. Detection curve in the case of a weak signal of
constant amplitude

P_, is usually given from 0.5 to 0.9, and P, from 1071° 6

- to 10 .

The receiver detecting the signal shouid be able to evaluate ihe
likelihood ratis A = w_ (u)/wn (u). The greater the likelihood ratic, the
greater the probability tbat a signal is present. Computing the iikelikood
ratio for a signal with completely known parameters, one can conclucde that

the receiver should form the integral

r.
?=£;;J allys (@ (1.29)

(where

v, is the energy of the noi.se, computed as equal to its spectral

density;

ut(t) is the completely known signal;

ul(t) is the signal at the receiver inpui:

T, is time of obsgervation),
and compare it with some level (threshold). At the same time, this operation
will, with egual effect, compute the likelihood ratio and compare it with
the threshold value. The expression at (1.39) is called the correlation
integral. A receiver carrying out this operaticm with the incoming signal
is an optimum receiver and has the structure shown in Figure 1.20.
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Figure 1.20. Block schematic of a correlation receiver.

A - corrclator (mmltiplication and summing)g B -
threshold device; C - u {t); D=-1n

ref out

The correlator is a device used to multiply the input signal u(t)
by the referance signal ureICt). the latter a copy of the signal with the
completely known parameters, u'{t), coinciding in time with the incoming
signal, and integrated (summed) in time.

The computed correlation integral is compared with the threshold, g, in
the thresheld device, and if-the integral is in excess of the threshold, the
decision is that a target is present.

This typc of recciver is cgllcd a correlation rceociver.

A filter, matched with the sional (or an optimum filter), as well as

a cerrelater, can bv used to process signals in the optiswm receiver. The

30

filter is said 1o be optimum when its frequeacy curve, Kopt(m), is a complexly

conjugate spectrum of the signal S(g)

Kype (o) = ‘ce™IbE (), 1.40)

I the signal spectrum is

S() =S (e, (1.51)
the filter curve will be
Koo (@) = K g (1) 87071 w65 (1) ¢~ 0" (1.42)
where
opt(w) is the filter's amplitude-fre<aency curve;
(papt(cu) is the filter's phase-frequency curve;

S{w) is the signal'’s amplitude-frequency spectium; '

({Js(cﬂ is the signal's phase-frequency spectrum;

i) is the time delay in the filter.

As will be seen Irom the expression” at {1.42), the amplitude-frequency
curve for the optimum filter, Kop‘(u)), is proportianal to the signal’s
amplitude-frequency spectrum, S{wl, that is, the shape of the filter's fre-
quensy curve coincides with the shape of the signal's frequency spectrum.

The hest example of an optimum filter will pass the spectral compeuents
most pronounced in the signal spectrum. The weak components in the signal
spectrun are suppressed by the filter. The componemts of the noise spectrum
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wniformly distributed over a broad band of frequencies are suppressed along
with the weak components.
The phase-frequency curve, cpopt(w), for the optimum filter is proportional

to the phase-frequency curve for the signal, q:sfm), with reversed sign, or

Uop‘l‘_(mj = —Qs(w) T u;to. (1.‘&3)

This signifies that the phase displacements of the spectral components
of the signal are compensated for by the filter, and that there is a rpericd
in time to (filter delay) when all the spectral components are in phase and
add arithmetically. The signal voliage peak occurs at the filter output at

this moment in time, but this phenomenon does not take place for noise

(fig. 1.21).

sl
p——
|t
Figure 1.31. Superposition of the maxima for the harmeonic
components of the useful signal at the output of

the filter in the case of an optimum phase~
frequenecy curve.

The optimum f£ilter provides the best signal/moise ratio at the filter

cutput when compared with any other types of filters
v, = W S/G., {1.44)
where

vs iz signal energy;

G is the spectral demsity of the noise.

The signal/noise ratio providec by the optimum filter is established
by the rignal energy at the filter input and the speciral density of the
noise, and does not depend on the shape of the signal. 5Signal shape only
establishes the filter structure.

The only filters that can be uscd to process signals are those matched
to the sigrnals in passband width.

Figure 1.22 shows the dependence of v/'vo on the product AFTP(\' is zhe
signal/moise ratio at the non-optimum filter output; vo is the signal/noise

ratio at the optimum fijter output; ‘rp is the pulse length; AF is the

filter passband).
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Figure 1.22. Dependence ofX the signal/ncise ratio an the product
.M-‘-rp.

Ag will be seen from Figure 1.22, there-is an optimum value for the

produst, (AFTP) = 1.37, for which the ratio v/vo' is maximum, or, putting

opt
it another way, ~here is an optimum passband

AF e = 1.37/1-p, (2.45)
at which v_/’vo = 0.825.

The loss in the signal/noise ratio in this filter, as compared with
that taking place in the optimm filter, is omly 17%, or degraded by a
factor of 1.2. The optimum filter provides a single palse, as well as pulse
trains, for processing. The engineering of the filter for a single pulse is
simpler than is the case for thz filter that handles puise trains.

The selution to the detection problem during optimm processing of pulse
trains reduces to the following operations:

optimum fiitration of each pulse in the train;

amplitude detection;

synchronous integration of video signals;

testing of the summed signal at the threshold.

The first two operations ars usually performed in the receiver, the
others by the radar's output devices. The synchromous integration operation
is carried out hy a device for summing the signals cosresponding to the
same range in the different repetition periods. Needed for carrying out
this operation is a device that can remember the signals for the repetition
period (a delay line, for example). The block schematic of & synchrenous
integrator for four pulses in a square pulse train, as well as the curves
explaining the synchronous integration process, are shown in Figure 1.23.

The use of optimum signal processing reduces, in sum, to reducing
threshold power. By threshold power {Pthj of radar signals is understood to
rear the minimum signal power at the receiver input which provides speecificd

prebabilities of correct target detection and false alarm.
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The magnitude of threshold powcr depends on the specified values for
the probabilicies of correct target detection and false alarm, the radar
signal parameters, time of cbservation, and the type of processing given
the radar signals.

Faor the case of optimum filtering of sinple high-frequency square pulses

P = vth-MO/Tp (1.46)
where
N is the receiver noise figures;
k 1is the Boltzmann's constant, K = 1.37'10-23 Joules/degres;
TO is the Kelvin temperature, TO = 300°K;
vth is the signal/noise ratio, cstablished using the detection curve

(fig. 1.19) and the specified probabilities for P_, and P, -

Threshold power must be stepped up when filtering is non-optimum so
the same probabilities of correct detection and false alarm exist as
pertain when using optimum filtering.

The signal/noise ratio for nonm-optimum filtering is lower than it is
for optimum filtering by a factor of vO/v, in which vy = QWS/G is the
signal/noise ratio at the output of the optimum filter, and V is the signal/
noise ratio at the cutput of the linear section of the receiver in the case
of non-optimum filtering.

Consequently, the threshold power in the case of non-optimum filtering
is equal to

Pty = vo/wuth-.\'laofrp = - I'l'ld!.‘c/-rp =vpP. (1.47)

The factor vc is called the classification factor and signifies the
facter by which the power of minimum received signals must exceed the power
of the receiver's internal noises in order to have the signals from the target
detected with speciiied probabilities of correct detection and false alarm.

For examplc, a receiver with optimum passband will have a ratie
vo/v = 1.2 and v, = 1.2'Uth.

The threshold power is the real semsitivity of the receiver, Prec min®
Therefore, taking J./Tp = 4F, we can write the formula at (1.47) in the

form

F =v P

'
rec min ¢ rec min?
where

P! . = NKT AF = P is the limit of sensitivity for the receiver.
rec min [¢] n
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Figure 1.23. Optimum processing of signals.

A - optimum filter for single pulse; B - amplitude detector;
C - synchrenous integrator; D - delay lines.
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1.10 Radar Range

Target detection is an coperation that oust separate signals reflected
froa the target from the background of receiver internal noise and fluctuating
neise. The special feature of this operation is the statistical nature of
ils results, occasioncd by the random nature of the change in the noisc
voltuge und the fluctuctions in tho magnitude of the effective eress section.
Separation of the useful signal can be accomplished with a definite degree
of authenticity and which, abeve all else, can be characterized by the target

desection probability.
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In establishing the radar range we must take into consideration the
prabable nature of the detection of target signals against a background of
noisec.

With this as 2 peint of departure, we will call the maximum radar range
that liziting distance to a target at which detection of target signals
against a background of noise will be ensured with a specified probability.

In free space, and given the condition that maximum radiation from the
rodar antenna is aimed at the target and that atmospheric absorption of radio
waves is not taken into consideration, maximum radar range (DmJ can be

established through the cquation

' (1.48)

where
P‘rans is the power radiated by the transmitters

Plrec ._ is the limiting sensitivity of the receiver;

Gmax is the paxizum anternma directivity;
SA is the capture area of the antenna;
Ut is the effective cross section;

v, is the classification factor.

Example. DPetermine the range at vhich a radar will detect an aircraft
with an effective cross section G, i s mz with a probability of cgrnect
detection of pcd = 0.9 and a false-alarm probability of Pf‘ = 10~ . Radar
characteristics are Ptrans = 84S lov; P = :0'12 vatt; S, = 30/ n:z; G =
= 12,000; XA = 10 cms Fp = 450 hertz; TP = 2 microseconds; m, = & rpms
= 2%; and AF = 1-37/-rp.

Soiution. l. Number of mlses in the train

%9.5

Ny - qu:o.sfenA = 450-2/6-6 = 25 pulses

2. We find that » h v Npgg 8 from the curves in Figure l.19 for given

Pg=0.9and P, =10, so

Ven = &%, = 8/5 = 1.6.

3. Since filtering is not optimum, but separation of the signal is by
a receiver with o passband of AFopt’ frem the curve in Figure 1.22 vo/\'z 1.2
and the classification factor is

v, = VeV, = 1.2 7 1.6 4 1.9,

4. The maximum range at which the target can be detected is
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